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We present a detailed analysis and phenomenological consequences of neutrino mass matrix, Mν , with one-
zero texture in the flavor basis where the active neutrino sector is extended by one sterile neutrino (3+1 case).
In particular, our aim is to explore behaviour of the sterile mixing parameters in detail when one of the ele-
ments of the neutrino mass matrix goes to zero. To study this, we consider two distinct mass spectrum of the
active neutrinos: (i) completely hierarchical mass spectrum with a vanishing neutrino mass and (ii) completely
quasidegenerate mass spectrum. In 3+1 scenario, the low energy neutrino mass matrix,Mν , is a 4×4 matrix and
has 10 independent elements. Thus it can have 10 possible one-zero textures. From the earlier studies it can be
inferred that, if one assumes one vanishing neutrino mass, then only seven of these Mν are phenomenologically
allowed by the current neutrino oscillation data. On the other hand, if the neutrinos are quasidegenerate then
there are eight phenomenologically viable one-zero textures. In this present work, we study the correlations
between the sterile mixing parameters for each of these allowed textures for both mass spectrum and also their
implications on the effective Majorana mass.
I. INTRODUCTION
Compelling evidence have been provided by solar, atmo-
spheric, reactor and accelerator neutrinos for the existence of
neutrino oscillations among the three active neutrinos. Neu-
trino oscillation in three generation can be described by three
mixing angles: θ12, θ23 and θ13, two mass squared differ-
ences: ∆m221(m
2
2−m21) and ∆m231(m23−m21) and one Dirac
type CP phase δCP . There are two additional phases if neutri-
nos are Majorana particles. The global fits of neutrino oscilla-
tion data in the framework of 3 ν mixing [1–3] give us precise
values of the neutrino oscillation parameters. At present, the
major unknowns in the three flavour oscillation picture are:
(i) the sign of the atmospheric mass squared difference ∆m231
i.e., whether the neutrino mass hierarchy is normal or inverted
(∆m231 > 0: NH or ∆m
2
31 < 0 : IH), (ii) the octant of θ23
i.e., lower or higher (θ23 < 45◦: LO or θ23 > 45◦: HO) and
(iii) the precise value of the leptonic CP phase δCP . There are
various current ongoing / future upcoming neutrino oscillation
experiments dedicated to the determination of the remaining
unknown oscillation parameters.
Another intriguing aspect of current neutrino physics is the
existence of light sterile neutrino. Sterile neutrinos are SU(2)
singlet which implies that they do not take part in the usual
weak interactions. However, they can mix with the active neu-
trinos and thus probed in the neutrino oscillation experiments.
The oscillation results of the LSND experiment shows the ev-
idence that there should be at least one sterile neutrino having
mass in the ∼ eV scale [4–6]. The latest antineutrino data of
MiniBooNE also have some overlap with the the allowed re-
gions of the LSND experiment supporting the sterile neutrino
hypothesis [7]. 1 In addition, studies of reactor antineutrino
spectra show a 3% enhancement in the fluxes as compared to
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1 Note that the excess of the MiniBooNE neutrino data marginally agrees
the previous calculation. With these new re-evaluated fluxes,
the ratio of observed event rate to predicted rate for < 100
m reactor experiments shifts from 0.976 to 0.943, giving rise
to reactor neutrino anomaly [8]. This deficit can not be ex-
plained in three flavour framework and evokes the presence of
sterile neutrinos. The recently observed Gallium anomaly also
seems to support the sterile neutrino hypothesis [9]. Although
it is possible to fit experimental data with more than one light
sterile neutrinos, the 3+1 hypothesis i.e., three active neutri-
nos in the sub-eV scale and one eV scale sterile neutrino, is
considered to be minimal and still not completely ruled out
from the cosmological observations. Recent analysis of the
Planck data shows that the possibility of light sterile neutrino
is ruled at 3σ within the ΛCDM model. However it is pos-
sible to have one light sterile neutrino in the eV scale if one
deviates slightly from the base ΛCDM model [10]. The pos-
sibility of having more than one light sterile neutrino is highly
disfavoured in cosmology. In the 3+1 model, there are total
six mixing angles, three Dirac phases, three Majorana phases
and three mass squared differences. The new mixing angles,
which arise due to the inclusion of one sterile neutrino, are
θ14, θ24 and θ34. The additional mass squared difference is
∆m2LSND which can be either ∆m
2
41 if the active neutrinos
are normal hierarchical or ∆m243 when the active neutrinos
are inverted hierarchical.
Neutrino mass matrices provide important tool for the in-
vestigation of underlying symmetries and resulting dynamics.
The first step in this direction is to construct the neutrino mass
matrix in the flavor basis. However, the reconstruction results
in a large variety of possible structures of the mass matrices
depending strongly on the mass scale, mass hierarchy and the
Majorana phases. Several proposals have been made in liter-
ature to restrict the form of neutrino mass matrix and to re-
duce the number of free parameters one of which is the zero
texture. Zero texture implies that one or more elements are
with a simple two neutrino oscillation formalism and requires more data to
resolve the issue.
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2relatively small compared to others. Extensive studies of neu-
trino mass matrices with zero textures in the standard three
neutrino scenario have been done in [11–22]. These neutrino
mass matrix textures, in general, may be obtained by impos-
ing certain Abelian family symmetries [23–25]. For the three
generations the maximum number of zero textures in neutrino
mass matrix is two whereas the addition of a sterile neutrino
to the standard three neutrino picture (3+1) can increase the
allowed zero textures to three [26–28].
In this paper we investigate the phenomenology of the one-
zero textures in the low energy neutrino mass matrix for 3+1
scheme. In particular, our main focus in this present work
is to understand the mixing pattern of the sterile parameters
which give rise to allowed one-zero textures. The study of
one-zero texture in 3+1 scheme has been done in [27]. The
paper mainly studied the nature of the matrix elements as a
function of the lowest mass. This facilitates to identify the
mass ranges over which it is possible to have one-zero tex-
ture for a given matrix element. However, in this paper the
main emphasis is to study the correlations between the differ-
ent active sterile mixing parameters. To understand this, the
strategy of the present work is as follows. We consider two
distinct mass spectrum: (i) the completely hierarchical mass
spectrum in which the lowest active neutrinos mass is zero 2
and (ii) the quasidegenerate mass spectrum where all the three
active neutrinos have mass of the same order. From the results
of [27], one can infer that for completely hierarchical mass
spectrum the number of allowed texture is seven and if one
considers quasidegenerate spectrum then eight one-zero tex-
tures become allowed. In this paper we study the correlation
between different sterile mixing parameters for every allowed
one-zero textures corresponding to the above two mass spec-
trum. These results are important to understand the underlying
parameter space of the neutrino mass matrix and they can also
help in putting constraint on the free parameters of the models
involving light sterile neutrinos [30–32].
The plan of the paper goes as follows. In Section II,
we present the mass and mixing patterns along with the ex-
perimental constraints on the neutrino oscillation parameters
when a sterile neutrino of mass ∼ 1 eV is added to standard
three neutrino picture. In Section III we present our formal-
ism for obtaining one-zero textures assuming: (a) the lowest
neutrino mass to vanish and (b) the masses of active neutrinos
are quasidegenerate i.e., approximately of same order. In Sec-
tion IV we study the phenomenological consequences of all
the ten elements of the mass matrix for the above mentioned
scenarios. We also present the predictions on effective Ma-
jorana mass, governing neutrinoless double beta decay for all
the phenomenologically viable textures. We finally conclude
in Section V.
2 The one-zero singular models are found to be quite rich in phenomenology
in comparison to non singular models for 3 active neutrinos [29].
II. MASSES AND MIXINGS IN 3+1 SCENARIO AND
EXPERIMENTAL CONSTRAINTS
The sterile state of mass∼ eV can be added to the standard
three neutrino mass states in two different ways. In one case
active neutrinos have normal hierarchical mass spectrum i.e.,
SNH: m1 ≈ m2 < m3 < m4 which implies,
m2 =
√
m21 + ∆m
2
21, (1)
m3 =
√
m21 + ∆m
2
21 + ∆m
2
31, (2)
m4 =
√
m21 + ∆m
2
41. (3)
Herem1,m2 andm3 are active neutrino masses andm4 is the
sterile neutrino mass.
In the second case the active neutrinos will be inverted hi-
erarchical i.e.,
SIH : m3 < m1 ≈ m2 < m4 implying
m1 =
√
m23 + ∆m
2
31, (4)
m2 =
√
m23 + ∆m
2
31 + ∆m
2
21, (5)
m4 =
√
m23 + ∆m
2
43. (6)
The mass spectrum for SNH and SIH are displayed in Fig. 1.
FIG. 1. Allowed mass spectrum in 3+1 scheme for normal (SNH)
and inverted (SIH) hierarchy.
In the 3+1 scenario, the 4×4 Majorana neutrino mass ma-
trix, Mν , in the flavor basis can be diagonalized as
Mν = VM
diag
ν V
T , (7)
where Mdiagν =diag{m1,m2,m3,m4} is the diagonal neu-
trino mass matrix. The matrix V is the leptonic mixing matrix
in the basis where the charged lepton mass matrix is diagonal
[35] and is given as
V = U.P. (8)
In general, any arbitrary N × N unitary matrix contains
N(N−1)
2 mixing angles and
1
2 (N − 1)(N − 2) Dirac type CP
3Parameter Best Fit ±1σ 2σ range 3σ range
∆m221[10
−5 eV2] 7.60+0.19−0.18 7.26 – 7.99 7.11 – 8.18
∆m231[10
−3 eV2] (NH) 2.48+0.05−0.07 2.35 – 2.59 2.30 – 2.65
∆m231[10
−3 eV2] (IH) 2.38+0.05−0.06 2.26 – 2.48 2.20 – 2.54
sin2 θ12/10
−1 3.23±0.16 2.92 – 3.57 2.78 – 3.75
sin2 θ13/10
−2 (NH) 2.26±0.12 1.95 – 2.74 1.90 – 2.62
sin2 θ13/10
−2 (IH) 2.29±0.12 2.02 – 2.78 1.93 – 2.65
sin2 θ23/10
−1 (NH) 5.67+0.32−1.24 4.13 – 6.23 3.93 – 6.43
sin2 θ23/10
−1 (IH) 5.73+0.25−0.39 4.32 – 6.21 4.03 – 6.40
∆m2LSND (eV
2) 0.89+0.16−0.11 0.73 – 2.05 0.7 – 2.5
sin2 θ14 0.025+0.025−0.015 0.013 – 0.05 0.01 – 0.06
sin2 θ24 0.023+0.004−0.008 0.005 – 0.035 0.003 – 0.04
sin2 θ34 – – < 0.18
TABLE I. Best-fit and 3σ ranges of active neutrino oscillation pa-
rameters as given in [1–3]. The current constraints on sterile neutrino
parameters are from the global analysis as given in [33, 34]. Here,
∆m2LSND (eV
2) is either ∆m241(eV2) or ∆m243(eV2).
phases. If the neutrinos are Majorana particles there will be
additional (N − 1) Majorana phases. Here U is the lepton
mixing matrix for Dirac neutrinos and can be written as
U = R34R˜24R˜14R23R˜13R12, (9)
where Rij denotes rotation matrices in the ij generation space
and is expressed as,
R23=

1 0 0 0
0 c23 s23 0
0 −s23 c23 0
0 0 0 1
 ,
R˜13=

c13 0 s13e
−iδ13 0
0 1 0 0
− s13eiδ13 0 c13 0
0 0 0 1
 ,
where sij = sin θij and cij = cos θij . The mixing matrix U
is parameterized in terms of six mixing angles: θ12, θ23, θ13,
θ14, θ24 and θ34 and three Dirac CP violating phases: δ13, δ14,
δ24. The diagonal phase matrix P in Eq (8) is given as,
P = diag{1, eiα, ei(β+δ13), ei(γ+δ14)}, (10)
where α, β and γ are three Majorana CP violating phases.
Table. I, gives the current best-fits and 3σ ranges of the mixing
parameters. Oscillation parameters for active neutrinos are
taken from [1–3] and sterile mixing parameters are taken from
[34, 36].
Oscillation experiments can measure only the mass squared
differences and give no information on the absolute neutrino
masses. Information on absolute masses can come from neu-
trinoless double beta decay (0νββ) experiments. Double beta
decay experiments will observe the lepton number violating
process and probe the Majorana nature of neutrinos. Neutri-
noless double beta decay processes are sensitive to effective
Majorana mass which in 3+1 scenario is given as
Mee = |ΣU2eimi|
= |(Ue1)2m1 + (Ue2)2m2e2iα (11)
+ (Ue3)
2m3e
2i(β+δ13) + (Ue4)
2m4e
2i(γ+δ14)|
= |m1c212c213c214 +m2e2iαc213c214s212
+ m3e
2iβs213c
2
14 +m4e
2iγs214|.
We see that Mee is sensitive to the Majorana phases which
are present in the neutrino mass matrix. A large number of
projects such as CUORE [37], GERDA [38], SuperNEMO
[39], KamLAND-ZEN [40] and EXO [41] aim to discover
evidences for neutrinoless double beta decay. These experi-
ments also put bounds on the effective Majorana mass Mee.
These experiments are expected to achieve a sensitivity upto
0.01 eV for Mee. The combined results from KamLAND-
ZEN and EXO-200 [40] give the upper bound on the effective
Majorana neutrino mass as Mee < (0.12 - 0.25) eV, where the
range comes from uncertainty in the nuclear matrix elements.
The next generation experiments are expected to improve the
bounds and the sensitivity to Mee < (0.0080 ± 0.0016) eV
[42].
III. FORMALISM
One-zero texture neutrino mass matrix results in the follow-
ing condition
m1Ua1Ub1 +m2Ua2Ub2e
2iα (12)
+m3Ua3Ub3e
2i(β+δ13) +m4Ua4Ub4e
2i(γ+δ14) = 0
where a, b can be e, µ, τ and s. We study the zero texture in
4×4 neutrino mass matrix taking: (i) vanishing lowest mass
i.e., m1 = 0 for NH (A) and m3 = 0 for IH (B) and (ii) the
three active masses are almost equal i.e., m1 ∼ m2 ∼ m3
(C).
A. Normal Hierarchy
For normal hierarchy, one textures with a vanishing lowest
mass (m1 = 0), Eq. (12) can be written as,
pUa2Ub2+Ua3Ub3e
2i(β+δ13)+qUa4Ub4e
2i(γ+δ14) = 0. (13)
Here, p = m2m3 e
2iα and q = m4m3 .
Solving the above equation constrains p as
p = −
(
Ua3Ub3e
2i(β+δ13) + qUa4Ub4e
2i(γ+δ14)
Ua2Ub2
)
. (14)
The neutrino mass ratio for normal hierarchy is
m2
m3
= |p|
4and one of the physical Majorana phase α is given as
α =
1
2
arg(p). (15)
The total number of free parameters is five, three Dirac and
two Majorana CP phases. Note that we have assumed one of
the active neutrino mass to vanish so the number of physical
phases is two. For example we can always take the phase β
out of the Eq. (13) and the physical Majorana phases will
be (α − β) and (γ − β). The condition of vanishing low-
est mass ensures that all the remaining three masses are well
determined from the experimental mass squared difference.
The remaining three masses for normal hierarchy are found
in terms of mass squared differences as m2 =
√
∆m221,
m3 =
√
∆m221 + ∆m
2
31 and m4 =
√
∆m241. We span the
parameter space of input neutrino oscillation parameters (3 ac-
tive and 3 active sterile mixing angles) lying in their 3σ ranges
by randomly generating points to the order of 109. Since the
Dirac CP phases are experimentally unconstrained at 3σ level,
therefore, we vary them within their full possible range [0◦ –
360◦]. We can find two independent mass squared difference
ratios defined as,
Rν =
∆m221
∆m232
=
|p|2
1− |p|2 ,
Rν1 =
∆m241
∆m232
=
q2
1− |p|2 . (16)
The allowed 3σ ranges for these mass squared difference ra-
tios is
Rν = (2.7× 10−2 − 3.5× 10−2),
Rν1 = (0.26× 103 − 1.08× 103). (17)
The given texture is viable if the mass squared difference ra-
tios are in their current 3σ ranges. Since we consider the neu-
trino mass matrices with lowest vanishing mass (m1 = 0 for
NH), in that case using the fact that Rν  1, the masses in
terms of Rν and Rν1 can be rewritten as,
SNH : |m4| ≈
√
∆m231Rν1  |m3| ≈
√
(1 + Rν)∆m231 ≈
√
∆m231  |m2| ≈
√
∆m231Rν . (18)
B. Inverted Hierarchy
For inverted hierarchy with mass m3 = 0, Eq. (12) can be
written as
Ua1Ub1 + pUa2Ub2 + qUa4Ub4e
2iδ14 = 0, (19)
where p = m2m1 e
2iα and q = m4m1 e
2iγ . Solving Eq. (19) gives
p = −
(
Ua1Ub1 + qUa4Ub4e
2iδ14
Ua2Ub2
)
. (20)
We can extract the neutrino mass ratio as
m2
m1
= |p|
and one of the Majorana phases is found to be
α =
1
2
arg(p). (21)
Here the physical Majorana phases are α and γ. For
inverted hierarchy the remaining three neutrino masses are
given as m1 =
√
∆m231, m2 =
√
∆m221 + ∆m
2
31 and
m4 =
√
∆m243. We define the two independent neutrino mass
squared difference ratios as,
Rν =
∆m221
∆m231
= |p|2 − 1,
Rν1 =
∆m243
∆m231
= |q|2, (22)
where |q| = m4m1 . The allowed 3σ ranges of these two mass
ratios calculated from the experimental data are
Rν = (2.7× 10−2 − 3.7× 10−2),
Rν1 = (0.27× 103 − 1.14× 103) (23)
For the case of IH withm3 = 0 and using Rν  1 the masses
can be written in terms of Rν1 as
SIH : |m4| ≈
√
∆m231Rν1  |m2| ≈
√
(1 + Rν)∆m231 ≈
√
∆m231 ≈ |m1| ≈
√
∆m231. (24)
C. Quasidegenerate Mass Spectrum
For quasidegenerate mass spectrum the three active neutri-
nos have approximately same mass and are lighter compared
to the mass of sterile neutrino,
QD : |m4| >> |m1| ≈ |m2| ≈ |m3| ≈ m0. (25)
5Using QD approximation the one-zero texture equation (Eq.
(12)) can be written as,
m0(Ua1Ub1 + Ua2Ub2e
2iα + Ua3Ub3e
2i(β+δ13)) (26)
+m4Ua4Ub4e
2i(γ+δ14) = 0
In the QD regime we vary m0 from 0.1 eV - 0.3 eV.
IV. RESULTS
In this section we first study the implications of a vanish-
ing element Mαβ with vanishing lowest mass for the 3+1 sce-
nario, where α, β = e, µ, τ, s and then study the implications
of quasidegenerate neutrino mass spectrum in the active ster-
ile mixing. The vanishing lowest neutrino mass in addition
to the zero texture have non-trivial implications and results in
the constrained parameter space of neutrino masses and CP
violating phases. Interesting parameters correlations are also
obtained for the quasidegenerate case. Since Mαβ is complex
the above condition implies both real and imaginary parts are
zero. Therefore to study the one-zero textures we consider
|Mαβ | = 0.
A. The mass matrix elementMee
The matrix element Mee in the 3+1 scenario is given as,
Mee = m1c
2
14c
2
13c
2
12 +m2s
2
12c
2
14c
2
13e
2iα (27)
+ m3s
2
13c
2
14e
2iβ +m4s
2
14e
2iγ .
The 3+1 picture have predictions that are completely differ-
ent from standard 3 active scenario. Mee cannot vanish in 3
active scenario if the lowest mass vanishes [29, 43]. In 3+1
case we find that it can vanish due to the contribution from the
sterile sector. The contribution of the sterile neutrino to the
element Mee comes from the mass m4 and the active-sterile
mixing angle θ14. The mass matrix element Mee has the sim-
plest form because of the chosen parametrization and can be
understood quite well.
For NH (m1 = 0) the zero-texture at Mee can be written as,
|c214(
√
Rνs
2
12c
2
13e
2iα+s213e
2iβ)+
√
Rν1s
2
14e
2iγ | = 0. (28)
For θ14 = 0◦ this expression reduces to one-zero texture in 3
active neutrino mixing scenario. In the three active neutrino
case for β = 0◦ and α = +90◦ (which maximizes the cancel-
lation between the terms) Mee predicts
s213 =
√
Rνs
2
12c
2
13, (29)
which gives s213 = 0.047 for the lowest value ofRν and this is
higher than the experimental prediction. Thus for three active
scenario Mee can not be zero for NH when m1 is zero [44].
We found earlier in our 3+1 scenario analysis [27] that the
cancellation of terms on the RHS of Eq. (28) is possible only
ifm1 is large. In our present case since lowest mass is vanish-
ing, the major contribution will come from additional sterile
neutrino because of higher values of m4. Even for very small
allowed values of θ14 the sterile contribution (third term) in
Eq. (28) is large and cannot have equal magnitude to the other
two terms on its left. Thus, complete cancellation of the terms
is never possible resulting in non vanishing Mee for NH. The
only possible way to have vanishing Mee is when θ14 is very
small. It’s typical value can be obtained from Eq. (28) as,
tan2θ14 = − s
2
13e
2iβ +
√
Rνs
2
12c
2
13e
2iα√
Rν1e
2iγ
. (30)
Substituting α = β = 0◦ (which would maximize the active
neutrino contribution) and γ = +90◦ we get tan2 θ14 ≈ 10−3
i.e., θ14 lies well outside its allowed 3σ range and is thus not
allowed.
For IH when m3 = 0, zero texture condition for Mee can be
written as,
|c214c213(c212 + s212e2iα) +
√
Rν1s
2
14e
2iγ | = 0. (31)
As can be seen from above equation the magnitude ofMee for
IH depends on α and γ along with the mixing angles. For IH
the complete cancellation is never possible in three active neu-
trino scenario because in addition to α = +90◦ cancellation
requires s212 = c
2
12 [29, 43]. These results change when we in-
clude the sterile contribution. The element Mee vanishes for
IH in the limit m3 ≈ 0 when α = 0◦ and γ = +90◦ provided
tan2 θ14 ≈ c
2
13√
Rν1
≈ 0.05 (32)
which is well within the allowed range. This behaviour is in
stark contrast to that of the 3 neutrino case [43]. Note that, by
considering vanishing lowest mass, the other two masses are
highly constrained in the present scenario. m1 =
√
∆m231
and m2 =
√
∆m231 + ∆m
2
21 for IH. From Eq. (31) it is ev-
ident that the cancellation of all three terms are dependent
on the two Majorana phases α and γ. The order of magni-
tude of each term is approximately the same of the order of
O(10−2). The cancellation of these terms are only possible
for constrained values of Majorana phase γ (around +90◦) as
shown in the upper left panel of Fig. (2). Note that as m4 is
large compared to m1 and m2, for cancellation between the
active and sterile sector, one expects to have lower values of
s214 for high m4 values. This is evident from the upper right
panel of Fig. (2) where we can see that the higher values of
θ14 are disallowed as the value of m4 increases.
The matrix element Mee for QD neutrino masses is given as,
Mee = m0c
2
14c
2
13(c
2
12 + s
2
12e
2iα) (33)
+m0s
2
13c
2
14e
2iβ +m4s
2
14e
2iγ .
The correlation plots for QD mass spectrum when Mee van-
ishes are given in the lower panels of Fig. (2). We observe
that unlike the completely hierarchical mass spectrum (upper
left panel of Fig. (2)), here, the phase α is also constrained.
For α = 0◦ or 180◦ and β = 0◦ the above expression reduces
to
Mee = m0c
2
14 +m4s
2
14e
2iγ . (34)
6FIG. 2. Correlation plots for |Mee| = 0, IH (upper panel) and quasidegeneracy (lower panel).
When γ ∼ 90◦ the term m0c214 becomes order of magnitude
greater than the second term and hence the cancellation of
these two terms becomes impossible. We see this behavior
in the (α − γ) plot in the lower left panel of Fig. (2) where
α = 0◦ or 180◦ is disallowed. However, when α = β = γ =
90◦, Eq. (33) becomes
Mee = m0c
2
14(c
2
13 cos 2θ12 − s213)−m4s214. (35)
Now all terms in the above expression are of same order. Thus
Mee can vanish for these values of Majorana phases α and
γ. Note that the other phase β is unconstrained here. From
the above expressions it is clear that vanishing of Mee for
QD mass spectrum depends on active sterile mixing angle θ14
along with the Majorana phases α and γ. In the lower right
panel of Fig. (2), we plot sin2 θ14 as a function of m0. As m0
increases, θ14 constrains to higher values. This behaviour can
also be understood from Eq (35). As the active neutrino mass
increases, higher values of θ14 are needed to allow cancella-
tion between the active and the sterile terms.
B. The mass matrix elementsMeµ andMeτ
The mass matrix element Meµ in the 3+1 scenario is given
as,
Meµ = m4c14(e
i(δ14−δ24+2γ)s14s24 +m3ei(δ13+2β)s13(c13c24s23 − ei(δ14−δ13−δ24)s13s14s24) (36)
+ m1c12c13(−c23c24s12 + c12(−eiδ13c24s13s23 − ei(δ14−δ24)c13s14s24))
+ m2e
2iαc13s12(c12c23c24 + s12(−eiδ13c24s13s23 − ei(δ14−δ24)c13s14s24))).
This expression is complicated as compared to Mee and thus
it becomes impossible to study the behaviour of independent
parameters. To simplify this expressions we introduce a small
parameter λ ≡ 0.2 and retain terms of the order of λ2. We
7FIG. 3. Correlation plots for |Meµ| = 0. Upper (middle) row is for NH (IH) and lower row is for QD mass spectrum. Orange line in the
upper and middle right panels represent the lowest value of the upper bound on Mee from KamLAND-ZEN + EXO-200. The purple line is
the sensitivity from next generation experiments [42]. The orange band in the lower right panel represents the full allowed range of Mee from
combined results of KamLAND-ZEN and EXO-200.
define the small angles θ14, θ24 and θ13 in the form aλ.
sinθ14 ≈ θ14 ≡ a14λ,
sinθ24 ≈ θ24 ≡ a24λ,
sin θ13 ≈ θ13 ≡ a13λ, (37)
where aij are parameters of O(1) and their 3σ range from
the current constraint on the mixing angles is given by
a13 = 0.68− 0.81, (38)
a14 = 0.5− 1.2,
a24 = 0.25− 1.
8Note that the sterile mixing angle θ34 can be large (has an
upper bound) and thus we do not approximate this angle. We
will use the above approximations to understand the behaviour
of different parameters wherever required.
The condition of zero texture atMeµ for NH with vanishing
lowest mass (m1 = 0) gives,
|m4c14(ei(δ14−δ24+2γ)s14s24 (39)
+m3e
i(δ13+2β)s13(c13c24s23 − ei(δ14−δ13−δ24)s13s14s24)
+m2e
2iαc13s12(c12c23c24
+ s12(−eiδ13c24s13s23 − ei(δ14−δ24)c13s14s24)))| = 0.
From the above expression we see that the sterile sector con-
tribution appears as θ14 and θ24. For cancellation of sterile
term with the active part, the values of these angles must be
small. This is clear from the upper left panel of Fig. (3) where
we give the correlation of s214 with s
2
24. We see that the higher
values of s214 and s
2
24 are disallowed and as s
2
14 increases, s
2
24
decreases. In the upper right panel of Fig. (3) we give the
prediction for the effective mass Mee as a function of m4. As
Mee is proportional to s214m4 it is expected that as m4 in-
creases, one should get higher values of effective Majorana
mass. But in this particular case we do not see this feature.
This is because for cancellation to occur between the active
and sterile terms in Meµ, one needs smaller θ14 for the higher
values of m4 and thus higher values of Mee are not possible
even when m4 is large. Thus, for NH and |Meµ| = 0 there
exists an upper bound on effective mass Mee < 0.04 eV.
The zero texture at Meµ for IH with vanishing lowest mass
(m3 = 0) in 3+1 scenario using approximations given in Eqs.
(24, 37) can be written as,
|c12s12c23(e2iα − 1) (40)
− s23a13eiδ13(c212 + s212e2iα)λ
− ei(δ14−δ24)a14a24(c212 − e2iγ
√
Rν1 + e
2iαs212)λ
2| = 0,
which is independent of θ34 and Majorana phase β.
From the above equation it can be noted that for α = 0◦,
the leading order term vanishes. Thus for cancellation to oc-
cur one needs very small values of θ14 and θ24 which appears
with the large m4 term. On the other hand when α is +90◦,
the leading order term is very large and one requires higher
values of the above mentioned mixing angles for cancellation.
This is shown in the middle left panel of Fig. (3). Here,
for α = 0◦, the allowed values of sin2 θ14 sin2 θ24 are very
small and on the contrary, for α = +90◦ the smaller values
of sin2 θ14 sin2 θ24 are disallowed. Here the upper bound of
effective mass Mee can be as high as 0.13 eV (middle right
panel of Fig. (3)).
In these figures (as well as for the other allowed textures)
we also show the present lowest value of the upper bound on
Mee by the orange line and the future expected sensitivity by
the purple line. These figures clearly show that the values of
Mee are always lower than the present bound on Mee for NH.
Whereas for IH, values of Mee are below the current bound
for smaller value of m4 but for higher value of m4 there are
a few points of Mee which are above the lowest value of the
current upper bound i.e., above the orange line. The above
statement is also true for all the Mee figures for completely
hierarchical mass presented in the subsequent sections.
Using approximations given in Eq.(25, 37) for quasidegener-
acy, the zero texture at Meµ for QD spectrum can be written
as,
|m0[c12s12c23(e2iα − 1) (41)
+ a13s23e
iδ13(−c212 + e2iβ − s212e2iα)λ]
−a14a24eiδ14(c212m0 − e2iγm4 + e2iαs212m0)λ2| = 0.
The correlation plots for the parameters here are given in the
lower panels of Fig. (3). The Majorana phase α is largely con-
strained (values near 0◦ or 180◦ are seems to be allowed) for
smaller values ofm4 sin2 θ24. For larger values ofm4 sin2 θ24
this texture is marginally allowed. To understand this be-
haviour, we consider α = 90◦ and all other phases to be 0◦
and express Eq. (41) as,
|m0[−2(c12c23s12) + 2a13s212s23λ] (42)
+ (a14a24[m4 − cos 2θ12m0])λ2| = 0.
From the equation it is clear that, the m4a24 term with a co-
efficient λ2 (which is small), can only be of the similar order
with the leading order m0 term, when m4 and θ24 is large.
Thus for smaller values ofm4s224 it is not possible to have any
cancellation and thus there are no viable points around α =
90◦ as seen in the lower left panel of Fig. (3).
However, for α = 0◦ or 180◦, the leading order m0 term
and the subleading term with λ can vanish due to the presence
of (e2iα − 1) term. For this reason one can always have can-
cellation within the remaining λ2 terms, for all the values of
m4 and s24 (lower left panel of Fig. (3)).
In the lower right panel of Fig. (3), we plot the effective
Majorana mass Mee vs m4. The orange band in this plot,
corresponds to the allowed range of Mee with the nuclear ma-
trix element uncertainty as given by the combined analysis of
KamLAND-ZEN and EXO-200 (Xe136). From this plot we
observe that a certain region of the allowed parameter space
can be completely discarded based on the present bound on
Mee. However, this is not the case for completely hierarchical
neutrino masses. For NH, the allowed values are well below
of the current upper limits of Mee and for IH, there are few
points which fall in the region of uncertainty i.e., points above
the orange line. The conclusion drawn in this section is also
true for the next subsequent sections and that can be seen from
the right panel figure of each allowed texture.
9FIG. 4. Correlation plots for |Meτ | = 0 for NH (upper panel), IH (middle panel) and QD (lower panel) mass spectrum. Bounds on Mee are
described in the caption of Fig.(3).
The mass matrix element Meτ in the 3+1 mixing scenario
is given as,
Meτ = c14c24e
i(2γ+δ14)m4s14s34 (43)
+ m3c14s13e
i(2β+δ13)(−c24s13s14s34ei(δ14−δ13)
+ c13(c23c34 − eiδ24s23s24s34))
+ m2s12c13c14e
2iα(c12(−c34s23 − c23s24s34eiδ24)
+ s12(−c13c24s14s34eiδ14
− eiδ13s13(c23c34 − eiδ24s23s24s34)))
+ m1c12c13c14(−s12(−c34s23 − c23s24s34eiδ24)
+ c12(−c13c24s14s34eiδ14 − eiδ13s13
(c23c34 − eiδ24s23s24s34))).
The two elements Meµ and Meτ in 3 active neutrino scenario
are related by µ − τ permutation symmetry [45–48]. Here in
3+1 case also these two elements are related as
(Mν)eτ = P
T
µτ (Mν)eµPµτ .
where permutation matrix Pµτ is given as
10
Pµτ =

1 0 0 0
0 0 1 0
0 1 0 0
0 0 0 1
.
For three active neutrino case the atmospheric mixing angle
θ23 in the µ− τ symmetric textures are related as θ¯23 = (pi2 −
θ23). However, in the 3+1 case the relation of θ23 between two
texture structures related by this symmetry is not simple [26].
The active sterile mixing angles θ24 and θ34 are also different
and are related as,
θ¯12 = θ12, θ¯13 = θ13, θ¯14 = θ14, (44)
sin θ¯24 = sin θ34 cos θ24 (45)
sin θ¯23 =
cos θ23 cos θ34 − sin θ23 sin θ34 sin θ24√
1− cos θ224 sin θ234
(46)
sin θ¯34 =
sin θ24√
1− cos θ224 sin θ234
. (47)
Due to these complex relations the behaviour of Meµ is dif-
ferent from that of Meτ unlike in three active neutrino case
where the plots of these two elements were same except for
θ23 which differed in octant for both the textures.
It is found that in the limit of small θ24 the two active sterile
mixing angles θ¯24 ≈ θ34 from Eq. (45). The same can be seen
from Eq. (47) which gives θ¯34 ≈ θ24 for smaller values of the
mixing angle θ34. Thus, for small θ24 and θ34, the behaviour
shown by θ24 in Meµ (Mµµ) is same as shown by θ34 in Meτ
(Mττ ).
In Fig. (4) we have have plotted the correlation plots for
|Meτ | = 0. The upper panels are for NH and middle pan-
els are for IH. As discussed above, from the plots we see that
the properties shown by s224 in Meµ are similar for s
2
34 in this
case. Here we can see that for NH, the allowed values of s234
are very small. Unlike Meµ, here s214 is allowed in its com-
plete 3σ range. As there is no lower limit on θ34, it can be
extremely small (of the order of 10−4) even when s214 is large
to give allowed texture. For IH, the result is also similar to
that of Meµ, where we can see that for α = 0◦, the higher
values of s214s
2
34 are not preferred and for α = +90
◦, the very
low values of s214s
2
34 are not allowed. We also notice that the
values of s214s
2
34 are restricted within 0.002 which is of the
same order in magnitude as obtained for s214s
2
24 in Meµ. The
bounds for the effective mass Mee are obtained as < 0.09 eV
for NH and < 0.14 eV for IH.
In the lower panels of Fig. (4), we give the correlation plots
for Meτ for quasidegenerate mass spectrum. As mentioned
above, the behaviour of this texture is related to Meµ by the
µ− τ permutation symmetry. From the lower left pane of Fig.
(4), we see that the nature of correlation for (m4 sin2 θ34) in
|Meτ | = 0, is exactly same as that of (m4 sin2 θ24) in |Meµ| =
0 (lower left panel of Fig. (3)).
C. The mass matrix elementsMµµ andMττ
The (2,2) diagonal matrix element in the 3+1 scenario is
given as,
Mµµ = e
2i(δ14−δ24+γ)c214m4s
2
24 (48)
+ e2i(δ13+β)m3(c13c24s23
− ei(δ14−δ13−δ24)s13s14s24)2 +m1{−c23c24s12
+ c12(−eiδ13c24s13s23 − ei(δ14−δ24)c13s14s24)}2
+ e2iαm2{c12c23c24
+ s12(−eiδ13c24s13s23 − ei(δ14−δ24)c13s14s24)}2.
For NH, considering lowest vanishing mass (m1 = 0), using
the approximations as defined in Eqs. (18, 37) and putting
the Majorana phases equal to zero as well as the Dirac phases
equal to 180◦, the zero texture condition yields:
s223 + c
2
12c
2
23
√
Rν + c12s12 sin 2θ23
√
Rνλa13 (49)
+ λ2(s212s
2
23
√
Rνa
2
13 − c23 sin 2θ12
√
Rνa14a24
+
√
Rν1a
2
24) = 0.
From the expression we can understand that when θ24 is small,
the leading order terms become larger as compared to theRν1
term. On the other hand when θ24 is very large, the Rν1 be-
comes larger than the leading order terms. Thus it will not be
possible to have |Mµµ| = 0 in NH for either very small or
very large values of θ24. This is evident from the upper left
panel of Fig. (5). Here we can see that though s214 is allowed
in its 3σ range but the smaller as well as higher values of θ24
are disallowed. In this case the effective mass Mee is always
less than 0.10 eV (upper right panel of Fig. 5).
For IH and m3 = 0, using the approximations as defined in
Eqs. (24, 37) the expression for Mµµ becomes:
Mµµ ≈ c223(s212 + c212e2iα) (50)
+
1
2
λ sin 2θ12 sin 2θ23e
iδ13(1− e2iα)a13
+ λ2[sin 2θ12c23e
i(δ14−δ24)(1− e2iα)a14a24
+ s223e
2iδ13(c212 + e
2iαs212)a
2
13
+ e2i(γ+δ14−δ24)
√
Rν1a
2
24].
Further putting the phase α = 0◦ and θ24 = 0◦, the above
equation simplifies to
Mµµ ≈ c223 + s223s213e2iδ13 (51)
Thus Mµµ can not vanish for IH when the phase α is zero and
θ24 is small. But for the higher values of θ24 the Rν1 term
will start contributing and it becomes possible to have cancel-
lation even if α = 0◦. On the other hand when α = +90◦, the
contributions of the λ and λ2 terms come into play and thus
one can have cancellations for the smaller values of θ24. This
can be seen from the left middle panel of Fig. (5) where we
can see that at α = 0◦, the smaller values of s224 are disal-
lowed and at α = +90◦ the values less than 0.022 of s224 are
allowed. In this case the upper bound of the effective mass is
0.14 eV as seen from the right middle panel of Fig. (5). In the
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FIG. 5. Correlation plots for |Mµµ| = 0 for NH (upper panel), IH (middle panel) and QD (lower panel) mass spectrum. Bounds on Mee are
described in the caption of Fig.(3).
lower panels of Fig. (5), we have given the correlation plots of
|Mµµ| = 0 for QD mass spectrum. To understand these corre-
lations, we have expanded Eq. (48) using the approximations
as given in Eqs. (37) and (25) to obtain the following:
|(c212c223e2iα + c223s212 + e2i(β+δ13)s223)m0 (52)
−2(a13c12c23eiδ13(e2iα − 1)m0s12s23)λ+O(λ2)| = 0.
In this case we note that, unlike the textures |Meµ| = 0 and
|Meτ | = 0, the factor (e2iα − 1) appears with the sublead-
ing λ term and the leading order term contains the (β + δ13)
factor. For the values α = 0◦ and (β + δ13) = 90◦, the sur-
vived terms of Eq. (52) are (m0 cos 2θ23) and the subleading
λ2 term. As both the terms have the magnitude of the order
of O(10−2), there can be cancellation of these terms leading
to the possibility of vanishing Mµµ. However, for α = 90◦
and (β + δ13) = 90◦, the magnitude of the leading order term
12
FIG. 6. Correlation plots for |Mττ | = 0 for NH (upper panel), IH (middle panel) and QD (lower panel) mass spectrum. Bounds on Mee are
described in the caption of Fig.(3).
(m0[−c223 cos 2θ12s223]) is large (O(10−1)) than the sublead-
ing terms having coefficient λ and λ2. Thus one can not have
cancellation at these values of α and (β+ δ13). These conclu-
sions are clearly reflected in the lower left panel of Fig. (5),
where we have plotted α as a function of (β + δ13).
The mass matrix element Mττ in the 3+1 mixing scenario
is given as,
Mττ = m4e
2i(δ14+γ)c214c
2
24s
2
34 (53)
+ m3e
2i(δ13+β){ei(δ14−δ13)c24s13s14s34
+ c13(c23c34 − eiδ24s23s24s34)}2
+ m1[−s12(−c34s23 − eiδ24c23s24s34)
+ c12{−eiδ14c13c24s14s34 − eiδ13s13(c23c34
− eiδ24s23s24s34)}]2
+ e2iαm2[c12(−c34s23 − eiδ24c23s24s34)
+ s12{−eiδ14c13c24s14s34 − eiδ13s13(c23c34
− eiδ24s23s24s34)}]2
13
As Mττ is related to Mµµ by µ− τ symmetry, the behaviour
of θ34 in Mττ is similar to θ24 in Mµµ. This can be seen from
the correlation plots for |Mττ | = 0 in Fig. (6).
For NH, very low and high values of s234 are disallowed (up-
per left panel of Fig. (6)) and for IH the correlation between
the phase α and s234 (middle left panel of Fig. (6)) is exactly
similar with the α and s224 correlation in Mµµ and in both
the cases s224 and s
2
34 are restricted to below 0.04. The upper
bounds of the effective mass in this case is 0.10 eV (0.14 eV)
in NH (IH) as shown in upper (middle) right panel of Fig. (6).
For the QD case, using the approximation as given in Eqs.
(25) and (37), Eq. (53) can be simplified as,
|m0(c223c234e2i(β+δ13) + (c212e2iα + s212)s223c234) (54)
+e2i(γ+δ14)m4s
2
34) +O(λ) +O(λ2)| = 0
Here, unlikeMµµ, the phase factors (β+δ13), α3 and (γ+δ14)
appear with the leading order m0 term. From the lower left
panel of Fig. (6), we see that in the ((β + δ13), (γ + δ14))
plane (0◦, 0◦) point is not allowed. To understand this point,
we consider all phases to be zero in Eq. (54) and this gives
m0 + (m4 −m0)s234 + (a214 + a224)(m0 −m4)s234λ2(55)
Here we can see that the above equation is free from the
λ term. Thus cancellation between leading order term
(O(10−1)) and λ2 term (O(10−2)) is not possible for any
values of the remaining oscillation parameters. Whereas, for
other allowed values of phases, for example: (β+δ13) = 250◦
and (γ + δ14) = 150◦, the figure shows that one can have
|Mττ | = 0 for quasidegenerate mass spectrum.
D. The mass matrix elementsMµτ
The full expression of Mµτ element in the 3+1 scenario is
given by
Mµτ = e
i(2δ14−δ24+2γ)c214c24m4s24s34 (56)
+ e2i(δ13+β)m3(c13c24s23 − ei(δ14−δ24−δ13)
s13s14s24){−ei(δ14−δ13)c24s13s14s34
+ c13(c23c34 − eiδ24s23s24s34)}+m1{−c23c24s12
+ c12(−eiδ13c24s13s23 − ei(δ14−δ24)c13s14s24)}
[−s12(−c34s23 − eiδ24c23s24s34) + c12{−eiδ14c13c24
s14s34 − eiδ13s13(c23c34 − eiδ24s23s24s34)}]
+ e2iαm2{c12c23c24
+ s12(−eiδ13c24s13s23 − ei(δ14−δ24)c13s14s24)}
[c12(−c34s23 − eiδ24c23s24s34)
+ s12{−eiδ14c13c24s14s34
− eiδ13s13(c23c34 − eiδ24s23s24s34)}].
For NH, when m1 is zero, using the approximations as de-
fined in Eqs. (37, 18) and putting the Majorana phases equals
3 In this texture, we find that α is allowed in its full range.
to zero and the Dirac phases equals to 180◦, the above equa-
tion simplifies to
|c23c34s23(1− c212
√
Rν) (57)
+ λ{(c12c34s12
√
Rνa13) cos 2θ23
+ a24s34(s
2
23 + c
2
12c
2
23
√
Rν)
+ s34(
√
Rν1a24 + c12c23s12
√
Rνa14)}
+ λ2{s12a13s23s34
√
Rν(s12a14 + 2c12c23a24)
+ a14s23(c12c34s
2
12s23
√
Rνa
2
13)}| = 0.
From the above equation we can see that theRν1 appears with
both θ14 and θ24. Thus cancellation of sterile term with the
active neutrino terms will not be possible when both these pa-
rameters are very large. This is evident from the upper left
panel of Fig. (7) from where we notice that when s234 is small
(high), s224 is high (small). But note that when both the angles
are very small, then the active part becomes larger than the
sterile term and cancellation is again not possible. Here the
bound of the effective mass Mee is < 0.10 eV (top right panel
of Fig. (7)). For IH when m3 = 0, using the approximations
of Eqs. (37, 18) the expression for Mµτ becomes,
Mµτ ≈ {−c23c34s23(c212e2iα + s212) (58)
+ λ[c12s12(1− e2iα)(c34 cos 2θ23eiδ13a13
+ c23s34e
iδ14a14)
+ s34{ei(2γ+2δ14−δ24)
√
Rν1
− c223eiδ24(s212 + c212e2iα)}a24]
+ λ2[c23c34s23e
2iδ13(c212 + e
2iαs212)a
2
13
+ c12s12s23(e
2iα − 1)(c34ei(δ14−δ24)a14
+ 2s34c23e
i(δ13+δ24)a13)a24]}.
Taking α = 0◦ and either θ34 = 0◦ or θ24 = 0◦ the above
equation simplifies to
Mµτ = −c23c34s23(1 + s213e2iδ13) (59)
Thus the texture |Mµτ | = 0 will be disallowed in IH for very
small values of θ24 and θ34 when α = 0◦ but will be allowed
when the Rν1 term becomes of the same order as the term in
Eq. (59). As when α approaches to pi/2, the other terms start
to contribute and thus one can have cancellations for small
values of the above mentioned sterile mixing angles. This can
be seen from the middle left panel of Fig. (7). Here we notice
that for α = 0, pi the allowed range of s224s
2
34 is (0.0002 -
0.001) and for α = pi/2, we obtain s224s
2
34 < 0.0004. In this
case the effective mass has an upper bound of 0.013 eV.
The correlation plots for |Mµτ | = 0 for QD neutrino mass
spectrum are given in the lower panels of Fig (7). The expres-
sion for this texture is quite complicated and to understand the
correlations between parameters we take the Majorana phases
α = 90◦ and (β + δ13) = 0◦ and vanishing Dirac phases δ14
and δ24. These approximations gives the expression for zero
texture at Mµτ as,
| sin 2θ23c212c34m0 + [−a24s34(m0(s223 − c223 cos 2θ12)
−m4) +m0 sin 2θ12(a13eiδ13 cos 2θ23 + a14c23s34)]λ
+O(λ2)| = 0. (60)
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FIG. 7. Correlation plots for |Mµτ | = 0 for NH (upper panel), IH (middle panel) and QD (lower panel) mass spectrum. Bounds on Mee are
described in the caption of Fig.(3).
The leading term (O (10−2)) in this case is always greater
than the subleading terms O(10−3) for very small values of
s24s34. Therefore there is no allowed solution when α = 0◦
and θ14 and θ24 are very small. On the other hand when we
increase the value of s24s34 the subleading term with coeffi-
cient λ becomes sufficiently large and gets cancelled with the
leading order term to give allowed points. These conclusions
are quite clearly depicted in the lower left panel of Fig. (7).
E. The mass matrix elementMτs
The full expression for the element Mτs is given by,
Mτs = c
2
14c
2
24c34e
2i(δ14+γ)m4s34 (61)
+ (m1,m2,m3)terms.
We note that the m4 term appears with s34. Thus it is clear
that if θ34 is very high then the sterile term will be very large
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FIG. 8. Correlation plots for |Mτs| = 0 for NH (upper panel), IH (middle panel) and QD (lower panel) mass spectrum. Bounds on Mee are
described in the caption of Fig.(3).
and it is impossible to have cancellations with the active terms.
The texture |Mτs| = 0 in both NH and IH will be only
possible for very small values of θ34. This has been shown in
the upper left and middle left panels of Fig. (8). In both the
plots we note that as m4 increases, the value of s234 decreases.
For both the hierarchies, the highest possible value of s234 for
which cancellation can occur is of the order of 10−4. Here the
effective mass Mee is restricted within 0.10 eV (0.14 eV) in
NH (IH) (upper (middle) right panels of Fig. (8)).
|Mτs| = 0 for QD is marginally allowed in the region
10−6 < s234 < 0.01 as reflected in the lower left panel of
Fig (8). In this case, we note that the allowed values of θ34 are
slightly higher as compared to the NH and IH case. This is
because in the QD regime, the contributions from active terms
are greater as compared to the completely hierarchical regime.
Thus to have cancellation, them4 terms needs to be large, and
that is why higher values of θ34 are preferred in this case.
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F. The mass matrix elementsMes,Mµs andMss
The zero textures at matrix elements Mes, Mµs and Mss
are disallowed by the current data if we assume that the lowest
mass vanishes. This can be understood by looking at the m4
terms of these elements.
Mes = c14c24c34e
2i(δ14+γ)m4s14 (62)
+ (m1,m2,m3)terms,
Mµs = c
2
14c24c34e
2i(δ14+γ)m4s24
+ (m1,m2,m3)terms,
Mss = c
2
14c
2
24c
2
34e
2i(δ14+γ)m4
+ (m1,m2,m3)terms.
In the elementsMes andMµs we see that them4 term appears
with s14 and s24 respectively. Thus these terms are in general
large and can be cancelled with the active terms only for the
higher values of the lowest masses (m1 for NH and m3 for
IH). Because when the lowest mass vanishes, the active terms
become smaller than the m4 term and thus cancellation is not
possible. For Mss, we see that the m4 term is not suppressed
by the sterile mixing angles and thus it is of the order of ∼ 1
eV. For this reason, it is never possible to have |Mss| = 0 for
NH, IH and QD mass spectrum.
For the QD scenario, the condition for texture zero for Mes
is given by,
|c12s23s34s12m0(e2iα − 1) + (a14c34eiδ14(m0(c212 + (63)
s212e
2iα)−m4e2iγ)−m0c23(a24c12c34eiδ24(e2iα − 1)s12
+a13e
iδ13(−(c212 + s212e2iα) + e2iβ)s34)))λ+O(λ2)| = 0
By looking at the above expression we can conclude that even
when active neutrinos are quasidegenerate, it is not possible
to have |Mes| = 0. This is because the term m4 sin θ14 which
appears with a coefficient λ, has far greater magnitude (∼
10−1) than the other two terms.
Regarding |Mµs| we find that, this element can marginally
vanish in the QD mass spectrum. Using the approximations
for QD and Eq. (37) the zero texture condition of Mµs trans-
lates to:
| − c23s23s34m0(−c212e2iα + e2i(β+δ13) − s212) + (64)
e−iδ24(−a24c34(c212c223e2i(α+δ24)m0 − e2i(γ+δ14)m4
+c223s
2
12e
2iδ24m0 + s
2
23e
2i(β+δ13+δ24)s223m0)
c12s12e
iδ24(e2iα − 1)m0(a14c23c34eiδ14
−a13eiδ13(c223 − s223)s34))λ+O(λ2)| = 0
We have given the correlation plots for this texture in Fig. (9).
Taking all the Majorana and the Dirac phases to be zero, we
find that for the smaller values of θ24, all the terms in the
above expression are of the same order (O (10−1)) and thus
there are viable solutions. This can be seen from the left panel
of Fig (9).
Mαβ=0 NH(m1 = 0) IH(m3 = 0) QD
Mee × √ √
Meµ
√ √ √
Meτ
√ √ √
Mµτ
√ √ √
Mµµ
√ √ √
Mττ
√ √ √
Mes × × ×
Mµs × × √
Mτs
√ √ √
Mss × × ×
TABLE II. Possible zero-textures that are allowed (disallowed) and
these are marked with
√
(×) for the three mass patterns when the
parameters are varied in their allowed 3σ range.
V. CONCLUSIONS
We present the phenomenological analysis of one-zero tex-
ture of 4 × 4 low energy neutrino mass matrix (Mν) in pres-
ence of an extra sterile neutrino in addition to the three ac-
tive ones (3+1 scenario). To analyse the behaviour of active
sterile mixing parameters we consider two different scenarios:
(i) completely hierarchical mass spectrum of active neutrinos
with vanishing lowest mass (i.e., NH and IH) (ii) completely
quasidegenerate active neutrino masses where all the active
neutrinos have almost equal mass (i.e., QD). This symmetric
matrixMν has 10 independent entries and thus in general have
10 possible structures with one-zero texture. We extensively
study the viability and correlation between different parame-
ters of all these textures for both the cases using the neutrino
oscillation data for active neutrinos [1–3] and the SBL data
for active sterile mixing [34, 36]. For completely hierarchical
mass spectrum only 7 texture zero structures are consistent
with the current data and 8 are consistent for quasidegenerate
mass spectrum. In Table (II), we have summarize the allowed
and disallowed one-zero textures in neutrino mass matrix for
both the mass spectrum under consideration. To understand
our numerical results, we expand the matrix elements in terms
of the small parameters by keeping the terms upto second or-
der. We observe that the predictions of one-zero texture mass
matrices change significantly when the cases corresponding
to vanishing lowest active neutrino mass and quasidegenerate
mass spectrum are compared. The texture |Mee| = 0 is al-
lowed only for IH and QD. The Majorana phase γ is highly
constrained around +90◦ for both IH and QD, on the other
hand, the other phase α is constrained only for QD masses. In
3-neutrino scenario, the element Meµ and Meτ are related by
simple µ − τ permutation symmetry but in 3+1 scenario, the
relations are very complex as compared to the three genera-
tion case. Here the behaviour of θ24 in Meµ is quite similar
with the behaviour of θ34 in Meτ . We find that the texture
|Meµ| = 0 mainly constrains the active sterile mixing an-
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FIG. 9. Correlation plots for |Mµs| = 0 for QD mass spectrum. Band represents the allowed range of Mee are described in the caption of
Fig.(3).
gles θ14, θ24 for NH and IH while for QD mass spectrum,
the Majorana phase α is largely constrained for smaller val-
ues of θ24. For vanishing Meτ very small values of active
sterile mixing angle θ34 is allowed for NH and IH. For QD
spectrum Majorana phase α is constrained for small values of
θ34. The textures |Mµµ| = 0 and |Mττ | = 0 are again related
by µ− τ symmetry and thus the characteristics of θ24 in Mµµ
and θ34 in Mττ are same. For |Mµµ| = 0 and NH we find
that very low and high values of s224 are disallowed whereas
for |Mττ | = 0 very low and high values of s234 are disallowed.
For IH we observe that for lower values of s224 (s
2
34) most of
the values of the Majorana phase α is disallowed in case of
texture Mµµ (Mττ ). For QD, however complete range of this
angle is allowed for both these textures. For |Mµτ | = 0 to
be phenomenologically viable, the mixing angle θ24 and θ34
can not be very large or small simultaneously for NH. For IH
the behaviour of α vs s224s
2
34 is same as that of α vs s
2
24 (α
vs s234) in Mµµ(Mττ ). For QD, α = +90
◦ is not allowed
for very small values of θ24 and θ34. For Mτs to vanish, the
parameter s234 should be as low as 10
−4 irrespective of the
hierarchy (NH or IH). However, for QD slightly higher val-
ues of θ34 are preferred. The remaining three textures Mes,
Mµs and Mss are phenomenologically disallowed when we
consider completely hierarchical mass spectrum with a van-
ishing neutrino mass. The sterile contribution in the first two
cases ∝ m4s14 and m4s24 respectively. These terms are in
general large and there is no cancellation possible for these
terms when the lowest mass is vanishing. However, for QD
|Mµs| = 0 is marginally allowed for very small values of θ24.
The texture, Mss is of the order of O (1) eV and hence it is
not possible to get contributions of this order from the active
sector for NH (IH) and QD mass spectrum.
The results discussed in the above paragraph are obtained
by varying the neutrino oscillation parameters in their allowed
3σ range. However, we know that there are several current and
future experiments which are expected to put a more stringent
constrain on the active-sterile mixing parameters [49–51]. To
check what happens to allowed textures if the mixing angles
are constrained furthermore, we re-evaluate the viability of the
textures by varying the oscillation parameters in their allowed
1σ and 2σ allowed range as given in Table I. We find that
the texture Mµs is disallowed for QD when the parameters
are varied within their 1σ range and the same is marginally al-
lowed when the parameters are varied in their 2σ range. Apart
from this, the other conclusions remain unaltered.
For all allowed textures in completely hierarchical and
quasidegenerate scenarios we obtain the bounds on the effec-
tive mass Mee that will be constrained by the forthcoming
neutrinoless double beta decay experiments. For NH, the val-
ues of Mee are well below the present bound and for IH it is
within the present upper bound. In all the allowed textures we
see that the upper bound on Mee for NH is slightly smaller
as compared to IH. For QD mass spectrum the some of the
allowed region of the parameter space can be discarded from
the bounds available on Mee. The similar behaviours of Mee
for NH, IH and QD for all the allowed textures can be qual-
itatively understood from the following arguments. For NH,
them2 andm3 terms are proportional to the ∆m221 and ∆m
2
31
respectively. On the other hand for IH and QD, all the active
masses mi (i = 1, 2 for IH and i = 1, 2, 3 for QD) are pro-
portional to ∆m231 and 0.1 − 0.3 eV2 respectively. Thus we
see that for NH, due to smaller values of the m2 term, the pre-
diction for Mee is lower. Whereas for IH and QD, Mee gets
contribution from the large values of mi and thus the predic-
tion ofMee is high for IH and even higher for QD as compared
to NH.
If future experiments confirm the existence of a light sterile
neutrino then the next challenge will be to build models for
such scenarios. The texture analysis performed in this paper
can be a useful guide for constructing models for light sterile
neutrinos.
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